The cases oftheflrst nine patients to receive orthotopic liver transplants in the Queensland Liver Transplant Programme are reported. Problems peculiar to this type of operation are discussed generally and in the light of this experience. The anaesthetic technique employed is described. There were no deaths attributable to anaesthesia.
CASE REPORTS Case No. 1
The first liver transplant was performed on a 40-year-old, 55 kg man who suffered from ulcerative colitis which was complicated by ascending cholangitis and cirrhosis. He was also moderately encephalopathic with muscle wasting and his renal function was impaired. Prior to his liver transplant, he had undergone gastric transection, exploration of the common bile duct, attempted portocaval shunt, and splenorenal shunt. These procedures had produced extensive, dense adhesions in the operative field. Anaesthesia lasted 21 hours during which 70 units of whole blood or packed cells were infused. He subsequently required four general anaesthetics for postoperative complications and died 28 days after the initial procedure from multiple organ failure. Case No. 2 The second transplant was performed on a 2 I h-year-old, 11 kg girl suffering from biliary atresia and cirrhosis. Although her only previous surgery was a liver biopsy, dense adhesions were encountered and total anaesthetic time was 15 hours. Ten units of red cells were transfused along with fresh At the time of writing she is alive and well. Case No. 3 The third patient was a 19-year-old, 64 kg woman who presented in hepatic coma due to a previously undiagnosed fulminant Wilson's disease. Preoperatively her prothrombin time was greater than 80 seconds, her bilirubin was 1200 units and her haemoglobin 4 gldl. Anaesthetic time was 15 hours and 51 units of blood and packed cells were infused intraoperatively. She survived for 17 days after transplantation.
Case No. 4
This was a 61f2-year-old, 23 kg girl suffering from cirrhosis secondary to biliary atresia. The latter was treated with a Kasai operation soon after birth. This proved satisfactory for six years but cirrhosis ensued secondary to ascending cholangitis. At operation, extremely dense adhesions were encountered and these required seven hours to clear from the diseased liver. Total anaesthetic time was 14 hours and 17 units of red cells were infused during this period. The patient is alive and well.
Case No. 5
This patient was a 14-month-old, 8 kg girl with cirrhosis secondary to biliary atresia. Anaesthetic time totalled 12 hours during which three units of whole blood were infused. The patient survived 45 days postoperatively. Case No. 6 The patient was a 24-year-old, 79 kg man from Tonga. His reason for transplantation was a hepatoma combined with a positive hepatitis B surface antigenicity. Anaesthetic time was 15 hours and blood replacement totalled 20 units. Postoperatively, metastases were discovered and the patient survived only four months.
Case No. 7
This 27-year-old, 51 kg man suffered from a hepatoma in the absence of any positive hepatitis B serology. His diagnosis was made 12 months preoperatively and he had been on cytotoxic therapy since then. Anaesthetic time was 14 hours and blood loss totalled 8 units. He is alive and well with no evidence of metastases.
Case No. 8
This 14-month-old, 10.5 kg boy suffered This patient was a 50-year-old, 69 kg woman with a history of chronic active hepatitis resulting in cirrhosis with associated portal hypertension and ascites. Total anaesthetic time was 14'12 hours and 42 units of packed cells or whole blood were infused. Surgery was made more difficult by the fact that she had three hepatic arteries and despite extreme efforts her temperature fell to 31.8°C. She returned to theatre twice for portal vein embolectomies but was feeling well with normal liver function tests when discharged from hospital eight weeks postoperatively.
THE PROCEDURE
Like other transplant operations, liver transplantation requires two procedures. The first is the taking of the donor liver and the second is the removal of the recipient's own liver and replacement with the donor organ. Time is critical in liver transplantation and extreme care is required during both operations to maintain the transplanted organ in the best possible condition. It is sometimes a very difficult and lengthy procedure to remove the diseased liver from the recipient. This plus the anaesthetic preparation time demands a high degree of co-ordination to minimise the hepatic extracorporeal storage time. This can present significant difficulty, particularly if the two operations take place hundreds of kilometres apart. It is accepted in this unit that cold storage time should not exceed six hours under optimal conditions. As with heart transplantation, the donor procedure involves a brain-dead but 'beating-heart' donor and takes around four hours of anaesthetic time. Once a donor is identified, attention must be focused on obtaining optimal perfusion and oxygenation of the liver. This may require a change from what is supportive to aggressive therapy by the attending medical staff. An explanation by the ATlaesthesia and intensh'e Care, Vol. J5. No. 3. August. 1987 liver transplant team as to the reasons for this is often required. For example, the rationale for transfusing a brain-dead patient with highly expensive blood products which are often in short supply is not readily apparent to those not closely involved.
During surgery, the anaesthetic care of the donor is directed at maintaining the liver in the best possible physiological condition until it is cold-perfused and isolated. Problems such as failing or unstable circulation, severe haemorrhage, diabetes insipidus, thermal instability, and fluid and electrolyte disorders need to be rapidly and effectively dealt with if subsequent liver function is not to be compromised. Monitoring of arterial and central venous pressures, urine output and temperature is considered essential. The donor should be cross-matched to the extent of one half of their circulating blood volume and a means of rapid transfusion should be available.
The maintenance of normal body temperature is considered highly desirable. It has been found desirable to have two anaesthetists, separate from those involved in the recipient operation, for the donor procedure.
The recipient's liver should be ready for removal approximately one hour after extraction of the donor organ. This hour is required for preparatory work on the liver prior to its insertion into the recipient. In order to minimise the anhepatic time, the recipient's liver is not devitalised until the donor liver is virtually ready for insertion.
The recipient operation can be divided into six phases: to the Intensive Care Unit. The anaesthetic involvement in these six phases has taken up to twenty-two hours in one of our adult transplants and fourteen hours in our longest paediatric procedure.
Major intra-anaesthetic problems
1. Blood loss and blood replacement. Recipients may require massive transfusion. Reasons for this include the vasodilated circulation (with its peripheral arteriovenous shunting), coagulopathies and technical difficulties due to previous surgery in the area of operation. American experience shows blood replacement in the adult averages between 30 and 40 units. I Children average around four blood volumes replaced. 2 Blood loss can be in excess of two litres a minute in adults and replacement at this rate with warmed blood, blood products and other replacement fluids in various combinations, is impossible to achieve by conventional means. A modification of the rapid infusion pump used in Pittsburgh has been developed. (Figure 1 ). This allows the mixing and storage of three litres of infusion fluid. In addition it warms, filters and detects gaseous emboli, automatically shutting down if these reach dangerous levels. A roller head pump and wide bore tubing are capable of producing a flow to the patient of two litres/minute.
2.
Hypothermia. Core temperature is usually around 34°e. Our first patient's temperature dropped to 32.9°C despite the maximal warming and humidification of inspired gases, the warming of infused fluids, the use of a warming mattress and 'space' blanket, and the raising of the theatre temperature to 2Ye. This struggle with the maintenance of patient temperature is to be expected and is the result of wide exposure and an inordinately long operating time.
3. Titrate toxicity'. The liver is normally the major site of citrate metabolism. Patients having massive transfusion may receive so much citrate in blood and blood products that plasma ionised calcium levels fall. In extreme cases ventricular performance is affected. During liver transplantation the authors feel that ionic hypocalcaemia is the most likely cause of hypotension which does not respond to fluid loading. This problem may not be detected if only total calcium is measured. Intravenous calcium chloride is used therapeutically in repeated doses until an adequate clinical response is obtained. Calcium gluconate was not used as hepatic metabolism is necessary prior to the calcium becoming available. Our first adult transplant patient received a total of 19 gm of calcium chloride intravenously. A pulmonary artery catheter has been routinely used in adult patients. It aids management in that the differentiation between the hypotension of myocardial depression and that of hypovolaemia is facilitated. 4. Bleeding disorders. Routine preoperative investigations define the status of the coagulation system. Increased bleeding time is usually secondary to pre-existing Vitamin K deficiency and hepatocellular failure. It is worsened intraoperatively by the infusion of stored blood of varying age and by the failure of the diseased liver to break down fibrinolytic substances presented to it. These usually come from the gut. This may lead to a DIC-like state on revascularisation of the homograft. 23 Our current management in adults is to conserve coagulation factors until surgical haemostasis is optimised and then infuse with several units of whole blood (less than 24 hours old) together with other factors when deemed necessary. In children, because of the smaller absolute volumes, this protocol can be instituted earlier.
5. Air embolism. Patients with severe chronic liver disease may have clinically significant intrapulmonary shunting. One study showed up to 30% shunting via lung 'spiders' in such patients. 4 These patients are at great risk in liver transplantation because of the number of major vessels opened during the dissection and revascularisation phases. We use PEEP in the hope that venous back pressure may retard air entrainment. 5 6. Inferior vena caval clamping. IVC clamping is an essential part of the surgical procedure as it is an integral part of the posterior surface of the liver and is removed in conjunction with the recipient liver. This produces in most adults a need for a bypass system to duct blood from the splanchnic, renal and lower limb circulations back to the heart. In children, a bypass system is not used and the blood returns via an adequate collateral circulation. However, in some adults, the lack of a ducting system can lead to dangerous hypotension. A veno-venous bypass system was used in all our adult cases. It connects the IVC and portal vein with an axillary vein, maintaining venous return and decompressing mesenteric and renal vascular beds. Bleeding problems, gut oedema and renal damage, seen in early liver transplant experience, may have been partly due to high venous pressure in these areas. The veno-venous pump is operated by a scientist from our Physical Sciences or Clinical Measurement Departments. The monitoring of the flow rate through this pump must be meticulous. Falls in flow rate may be secondary to kinking of or clotting in the tubing. High flow rates, reflected in elevated left atrial pressure, may produce an excess of venous return and increase the potential risk of entraining air. The potential for life-threatening incidents with veno-venous bypass was fully recognised by the anaesthetic team prior to the first liver transplant and the sequence of events, together with the operation of the pump, was thoroughly rehearsed. In the 17 cases done at the time of writing, no problems have been encountered with veno-venous bypass.
7. Revascularisation. The connection of the donor liver to the recipient's circulation results in the washout of cold, acidotic, hyperkalaemic blood and preservative solution into the recipient's circulation. This may produce severe hypotension coupled with serious dysrhythmias. The hypotension is not only secondary to ventricular dysfunction but may also be exacerbated by unmetabolised vasoactive substances absorbed from the gut. 6 This potentially life-threatening problem is managed by pretreatment with calcium chloride, sodium bicarbonate and fluid loading. Adrenaline may be necessary should these measures fail. Our experience with this potential problem has been good with minimal haemodynamic disruption at this stage in all cases so far. We feel that this may be due, in part, to a rigorous washing out of the hepatic vasculature prior to revascularisation so that minimal preservative solution is left behind.
8. Laboratory testing. The biochemical and coagulation parameters change so rapidly that full profiles are required at least hourly. In order to facilitate receipt of the results of the numerous tests performed, a telephone was installed in theatre and is attached to the side of the anaesthetic machine. This form of communication has proved a boon in several areas. It is just as rapid as but more reliable than the intercom system. Also, it is much quieter and therefore disturbs the surgical team less. It has been used to contact the donor team on their way by air or road to the theatre with the donor liver. The time of arrival of the donor liver can thus be determined with considerable accuracy and updated whenever necessary. The preliminary aspects of the recipient operation and the arrival of the donor liver can thus be synchronised to the overall advantage of the transplant operation. 9. Renal function. Preoperative renal impairment is not uncommon. The patient may have hepatorenal syndrome or renal failure secondary to prerenal causes. During the procedure the patient's kidneys will be exposed to immuno-suppressive agents (e.g. Cyclosporin A) and may be subjected to significant periods of hypotension. In order to maintain adequate renal profusion, we have been aggressive in the use of fluids, frusemide and/or mannitol when indicated, using arterial pressures and CVP as guides. Urine production is low or absent during the bypass periods in adults. We have used a stat. dose of mannitol (50 gm in adults) at the end of this period.
Anaesthetic technique
As with all long operative procedures, great care was taken with the correct positioning, application of protective padding and heat insulation of the patient. Adults were induced with fentanyl and diazepam (with or without thiopentone) and relaxed with suxamethonium followed by pancuronium. Children were given no atropine. They were induced with intravenous ketamine and relaxed with pancuronium.
All patients were maintained on oxygen-enriched air (40%) plus 0.75-l.5% isoflurane. The latter was used because of its reduced viscerotoxicity compared with enflurane 7 and halothane. 8 This combination seemed to adequately protect against bradycardia. Analgesia in adults was provided with fentanyl in regular incremental doses.
Children received supplemental doses of morphine. Narcotic dosages are higher than normal because of the absence of nitrous oxide in the anaesthetic technique. Nitrous oxide is avoided in order to minimise bowel distension and avoid its depressant effects on the bone marrow. Because of the amount of fluid sequestrated into the gut and its mesentery during the procedure, it is often difficult to close the abdominal wound. Added bowel distension due to nitrous oxide could make complete wound closure virtually impossible in some cases. Our standard anaesthetic sheet is illustrated in Figure 2 .
Because of the liver's central role in the maintenance of blood glucose levels, one would expect hypoglycaemia to be a problem. This is not the case. Large amounts of dextrose are in fact given as additives in blood and blood products and, if anything, our patients have become hyperglycaemic.
Ventilation was set to produce normocarbia and included application of positive end expiratory pressure (usually 5 cm of water) using a Campbell ventilator. This approach was used with the aim of reducing the risk of air embolisation and postoperative respiratory problems.
Calcium chloride is given to adults on an ad hoc basis according to the ionised calcium results (performed hourly). With children, it is given as a slow background infusion (in 5% dextrose) as well as when the biochemical results deem it necessary.
Dopamine may be used as a low dose infusion (to improve renal function) or used as indicated as an inotrope.
Full invasive monitoring is used although a pulmonary artery catheter is not used in children. Both rectal and oesophageal temperature probes are used. Urine output is monitored via an indwelling catheter. An arterial blood gas, haematological, coagulation and biochemical profile are performed hourly.
The ability to rapidly infuse blood is essential in these patients. In adults, blood and fluids are pumped via two seven French gauge rapid infusion lines connected to the patient, one sited in a right anticubital fossa vein and the other in the left internal jugular vein. Such a system was not required in the children. In adults, large amounts of fluid may need to be infused. This fluid needs to reflect as closely as possible normal intravascular chemistry, temperature and oxygen-carrying capacity. It must contain red cells, electrolytes, coagulation factors and it should be available in a volume capable of matching losses of two litres a minute. Our usual mix involved four units of packed cells to four units of fresh frozen plasma and 1000 ml of plasmalyte 148. We varied this according to the circulatory and coagulation status. Another advantage of this infusate was the decreased viscosity (haematorcrit of 25-30) which allowed better flow, adequate tissue oxygen availability and conserved red blood cells in the rapid blood loss situation. Accurate determination of fluid requirements by the measurement of blood loss is impossible in this operation. Evaporative losses, blood on drapes, on the surgeon and sometimes on the floor make the weighing of swabs an almost useless exercise. The problem is complicated further by massive third space losses during an I8-hour abdominal operation on patients such as these. The mainstay of our monitoring of intravascular volume is the central venous pressure. We use a Siemens 404 monitoring system and attempt to keep the central venous pressure in the range of 10 to 15 cm of water. At the end of the surgical procedure, patients are taken direct to the intensive care unit where their muscle relaxation is maintained and they are ventilated.
The paediatric survival rate is significantly higher than that of adults. The children are rarely as ill as the adults. They usually have no significant cardiorespiratory disease and they tend to be referred earlier by the paediatric hepatologist. The general management principles are the same as for adults.
At the time of writing, five recipients are alive. None of the deaths was under anaesthesia. We have found, in line with experience in other centres, that children fare considerably better than adults. In our experience, each transplant recipient will require on average between two and three further procedures requiring general anaesthesia. To date, no patient has been re-transplanted.
Controversy has surrounded the late stage at which some patients are being presented for operation. Fortunately, the anaesthetists in this unit bear only a minor proportion of the weight of this decision. It is not easy to recommend a procedure known to have a considerable mortality to a patient who may still have some reasonable life remaining. On the other hand, the healthier the patient at the time of operation, the better the prognosis. The natural history of end-stage liver disease is more predictable in children than adults and this helps decision-making. Even when the medical decisions have been made, an unpredictable period of time must be spent waiting for a suitable donor.
A major problem for anaesthetists is the difficulty of competently managing an anaesthetic which can take up to 20 hours. It is our experience that one anaesthetist be nominated as the head of the anaesthetic team and with frequent breaks during the non-critical periods, remains for the full duration of the operation. He is supported by two and sometimes three other anaesthetists in shifts, depending upon the duration of the operation. Two experienced anaesthetists should be on hand at all times during the operation.
Finally, a word must be said about the vital importance of communication and team work in such long complicated procedures. The anaesthetic team is kept fully informed of all potential liver transplant recipients and their involvement is sought at the earliest possible opportunity. Communication between the donor team and the recipient team is virtually instantaneous Australia-wide. During the recipient procedure, communication in the theatre is both constant and complete with all members of the team constantly advising those that need to know of their particular situation and any problems they might be having. Without this degree of co-operation and communication, the success of the program so far would almost certainly have been less.
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